While many field studies have estimated the numerical response of predator populations to their prey, little is known about the numerical response of omnivores, especially at different spatial scales. We sampled populations of omnivorous Orius bugs and their thrips prey in Verbesina encelioides flowers at three hierarchical spatial scales; a flower, a small patch of plants (2 m diameter), and a large patch of plants (6 m diameter). Omnivore and prey densities were correlated using hierarchical statistic models. Data show that while prey was aggregated at the flower scale, adult omnivores were distributed uniformly at that level. These results suggest that antagonistic intraguild interactions may be shaping omnivore distribution at the smallest scale studied. The correlation between omnivore and prey densities was scaledependent. Density of Orius nymphs was positively correlated with prey density at all spatial scales, but the density of adult bugs was positively correlated with prey density only at the largest scale. Results obtained here and from a companion study suggest that female bugs aggregate and lay more eggs where prey is more abundant. Differential mobility of Orius adults and nymphs may therefore underlie observed differences in omnivore-prey association at different spatial scales. Future studies should explore effects of plant materials on the aggregative response of omnivores to variation in prey density.
IntroductIon
Predator-prey interactions are an important factor shaping populations of organisms in nature. These interactions determine the size, type, and dispersion of populations, and in turn alter the intensity of herbivore-plant interactions. Yet predator-prey interactions themselves are influenced by properties of the vegetation in which they operate. These complex relationships are also of agricultural importance, as interactions between pests and their natural enemies may greatly affect crop yields (Andow and Rosset, 1990) .
Two processes govern the response of predators to varying densities of prey: the functional response and the numerical response. The functional response describes the effect of prey density on the rate of predation, i.e., how many prey individuals a predator will consume in a given time at different prey densities (Holling, 1966) . The numerical response describes the changes in predator population size as a function of variation in prey density. Two processes underlie the numerical response of consumers to their resource: (i) consumers tend to aggregate at high resource concentrations (Schellhorn and Andow, 2005) , and (ii) the reproductive output of consumers is often correlated with resource availability (Scutareanu et al., 1999; Kidd and Jervis, 132 2004) . Variation in prey availability among plant patches, for example, would act to increase predator density in these patches, which in turn may lead to differential predation pressure on different plants (Kidd and Jervis, 2004; Eubanks and Denno, 2000) .
The spatial scale at which a reproductive response is apparent depends on the minimum quantity of food required for an increase in fertility; the more food required to elicit a reproductive response, the greater the area that will be required to detect this response. The spatial scale at which an aggregative response occurs is dependent upon the foraging "resolution" of the predator; the smaller the prey patches that the predator can detect, the smaller the scale at which an aggregative response occurs. The importance of the spatial scale to the numerical response is evident, for example, in coccinellid beetles: three species displayed a positive numerical response to prey at a single-plant scale, while an additional species responded only at the scale of an entire plot (Schellhorn and Andow, 2005) .
Taxonomic, structural and temporal heterogeneity in plant communities have been shown to greatly affect predator numerical response in natural and managed habitats (reviewed by Denno et al., 2005) . Yet the great majority of numerical response studies have ignored the omnivorous feeding habits of many predators (Coll and Guershon, 2002) . The effect of omnivory on predatorprey interactions is complex. The presence of plant food sources can, on the one hand, decrease predation by the omnivore (Abrams, 1987; Miller, 2005) . On the other hand, plant food can enable the omnivore to remain in patches when prey is scarce (Pimm and Lawton, 1978) . Therefore, plant-provided foods are expected to disrupt the numerical response of omnivorous consumers to their prey. While many empirical studies have been conducted on the numerical response of predators and parasitoids to their prey/ hosts (Hemptinne et al., 1992; Ostman and Ives, 2003; Schellhorn and Andow, 2005) , little is known about the numerical response of omnivores to variation in prey density in the field (but see Coll and Ridgway, 1995; Eubanks and Denno, 2000) .
The current study was aimed at describing the numerical response of omnivores to their prey at different spatial scales in unmanaged habitats. The study system included golden crown beard plants (Verbesina encelioides (Cav.) Bentham & Hooker fil. ex A. Gray), various species of thrips prey, and omnivorous Orius bugs that feed on both V. encelioides pollen and thrips. Field populations of thrips and Orius bugs were monitored at three vegetation scales: single V. encelioides flowers, V. encelioides bushes having a radius of 1 m, and plant patches with a radius of 3 m. The obtained data were used to infer the relative importance of plant and prey resources for the reproductive and aggregative responses of the omnivore to its prey.
the experImentAl system
Verbesina encelioides (cavanilles) (Asteraceae) V. encelioides is an annual or biennial branching shrub that flowers year-round in Israel. The plant is native to the southern United States and Mexico and was first identified in Israel in 1971. It has since spread mainly throughout the coastal plain, but also to the Negev and the Sea of Galilee regions. The plant is well adapted to disturbed areas and to hot and dry conditions. It has a high rate of germination and grows to a height of 60-130 cm. Earlier studies showed that V. encelioides situated along the margins of strawberry fields harbors Orius spp., thrips, aphids, spiders, and other arthropods throughout the year (Yaakobi and Elias, 2001; Shouster, 2003) .
thrips (thysanoptera: thripidae)
Two species, Microcephalothrips abdominalis (Crawford) and Frankliniella occidentalis (Pergande), were found to dominate the thrips community on V. encelioides on the coastal plain of Israel (Yaakobi and Elias, 2001) . M. abdominalis inhabits primarily members of the Compositae, although it has also been reported on rice, orchids, roses, citrus, and pepper (University of Minnesota, 2001 ). This cosmopolitan species has been reported from Israel and its neighbors (Shouster, 2003) and has been found to serve as prey for Orius tristicolor and O. tantilus (Sabelis and Van Rijn, 1997) . The western flower thrips, F. occidentalis, feeds on a wide range of wild and cultivated plants (approximately 250 species from tens of botanical families), preferentially inhabiting the flowers, and is considered a major pest of many agricultural crops (Gerin et al., 1999) . O. laevigatus and O. albidipennis are known to be efficient predators of F. occidentalis (Sabelis and Van Rijn, 1997) .
Orius spp. (hemiptera: Anthocoridae)
Most flower bugs of the genus Orius are small (ca. 2 mm long) generalist predators that feed on both prey and plant materials (Coll and Izraylevich, 1997; Lattin, 1999) . The bugs deposit their eggs into tissues of suitable plants, on which the five nymphal stages usually remain. Of the eight Orius species described in Israel (Pericart and Halperin, 1989) , Orius albidipennis Reuter (subgenus Dimorphella), and O. laevigatus (Fieber) and O. niger (Wolff) (subgenus Orius) are the most common (Shouster, 2003) .
While many Orius species show a feeding preference for thrips (Van den Bosch and Hagen, 1966; Riudavets and Castane, 1994) , the nutritional value they derive from plant materials, such as pollen and sap, is highly variable (Tawfik and Ata, 1973a,b; Venzon et al., 1999) . Many studies have shown a positive correlation between the distribution of Orius spp. on the plant and the distribution of its preferred prey, various thrips species (Coll and Bottrell, 1991; Atakan et al., 1996; Hansen et al., 2003) . O. sauteri was found to spend more time on leaves containing Thrips palmi than on uninfested leaves, but prey density had no apparent effect on predator leaving time (Yano et al., 2005) . Results indicate that females stayed longer in prey-rich patches, while males displayed no response to the presence of prey (Hansen et al., 2003) . Likewise, O. laevigatus inhabited more plants bearing thrips and mite prey, than prey-free plants (Venzon et al., 1999) . When offered a choice, O. sauteri females preferentially oviposit on bean plants infested with T. palmi, rather than on uninfested plants (Nakashima and Hirose, 2003) . O. laevigatus, however, did not exhibit such a response in a non-choice experiment (Shouster, 2003) . Studies of the numerical response of Orius species to their prey yielded variable results. Orius species exhibited both aggregative and reproductive responses to density changes in pear psylla populations (Scutareanu et al., 1993) . Similarly, densities of Orius minutus corresponded positively to changes in thrips density on Gliricidia sepium flowers (Viswanathan and Ananthakrishnan, 1974 ). Yet this response disappeared following an additional increase in thrips populations. In contrast, another study showed no increase in Orius tristicolor populations in the wake of an increase in its thrips prey on cotton (Yokoyama, 1978) .
methods data collection
Populations of Orius and thrips species were observed on V. encelioides flowers near Ness Ziona, on the southern coastal plain in Israel. Insect populations were quantified by collecting flowers on six weekly sampling dates in September and October 2005. Flowers were collected between 9-12:00 AM, placed individually in ventilated scintillation vials (50 ml, 2.6 cm diameter) and kept cool until brought to the laboratory for insect extraction. The flowers were positioned at the top of the vials by securing the stems with rubber bands. In the laboratory, an alcohol-glycerine-acetic acid (AGA) solution (Steyskal et al., 1986) for preserving thrips was injected into the bottom of each vial using a syringe equipped with a size 21G needle, so that there was no contact between the solution and the flower head. Insects were extracted from the flower heads using the Berlese funnel principle (Steyskal et al., 1986) : the vials were placed on stands beneath 60W light bulbs, leaving a 3 cm space between the top of the vials and the bulb. The bulbs were lit for 6 hours so that the generated heat would force the insects out of the flower heads towards the bottom of the vial. All insects accumulated in the AGA were later counted and identified under a stereoscope. Adult 0rius spp. were sexed and identified to species. M. abdominalis and F. occidentalis were identified to species, and additional thrips species were designated "other" (Moritz et al., 2001) .
Flowers were collected in a hierarchical manner: three sampling sites were chosen ("stadium", "beehives", and "nursery"), which were non-contiguous with regard to V. encelioides flowers and at least 1 km distant from each other. At each site, three flowering patches of V. encelioides were randomly chosen, each with a radius of 3 m. These will henceforth be called the large patches. Within each large patch, three sub-patches were randomly chosen, each with a radius of 1 m (ca. one plant). These will be referred to as the small patches. Five flowers were randomly sampled from within each small patch on each sampling date. The collected flowers constituted less than 10% of the flowers available in each of the small patches; removal of the flowers thus had a minimal effect on insect populations. A total of 135 flowers were collected on each sampling date, all from the same small patches.
data analysis

Distribution pattern of thrips and Orius spp.
The relationship between the number of individuals per sample and the variance among samples (Taylor's Power Law s a x 2 b =^h ) was used to infer the distribution pattern of the insects at different spatial scales (Southwood, 1978) . The constant "b" is a characteristic index of the distribution of each species (Taylor, 1984) . When b = 1, the density of individuals behaves as a Poisson variable, i.e., individuals are distributed randomly in the habitat (the presence of one individual at a given point does not affect the probability of finding other individuals nearby). When b > 1, individuals are aggregated (the presence of an individual increases the probability of finding other individuals nearby). When b < 1, the distribution is uniform (the presence of an individual at a given point decreases the probability of finding other individuals nearby) (Southwood, 1978) . The constant b can be calculated by the regression equation: * log log log a x s b 2 = +^ĥ h h. To assess the distribution pattern of the insects at different scales we used (i) the variance in insect counts among flowers within a small patch against the mean per flower, with each small patch serving as a replicate; (ii) the variance in insect counts among small patches (within large patches) against the mean per same small patch, with each large patch serving as a replicate. The obtained b constants (the slopes of the linear regressions) were compared to 1 using t-tests (JMP, 2001) .
Correlation between thrips and orius densities
The relationships between the densities of thrips and Orius, the site, the patch within the site, the date and the interaction between the site and density data were tested statistically using a general linear model (JMP, 2001) which allows the evaluation of discrete and continuous variables, and the interaction between them (the model creates dummy variables to convert discrete to continuous variables). We used the following model equation:
Log(Orius+1) = β 1 + β 2 *Log(M. abdominalis + 1) + β 3 *Log(F. occidentalis + 1) + β 4 *Date + β 5 *Site + β 6 *Patch(site) + β 7 *Site*Log(M. abdominalis + 1) + β 8 *Site*Log(F. occidentalis + 1)
The discrete variables in the model were defined as random (EMS; JMP, 2001 ). After the model was run once, the factor with the lowest level of significance was removed, and the model was run again. This process was repeated until the model with the highest level of significance was obtained. All density data underwent log(X i + 1) transformation to homogenize the variances prior to statistical analysis (Southwood, 1978) . Density data were tested in this model on three spatial scales (i.e., the flower, small patch, and large patch were defined as the experimental units). In the case of significant interactions between the site and thrips density, the model was tested separately for each site.
The obtained data were also used to infer the role of reproductive and aggregative responses in the numerical response of Orius to the thrips. This was done by comparing the correlation between the densities of the prey and its adult predators on the same sampling dates, which is an indicator for aggregative response, to the correlation between prey density at time t and the density of predator nymphs at time t + 1, an indicator for reproductive response.
We therefore ran analyses using a model similar to that described above to test the relationships between prey and predator densities at t + 1, 2, and 3 weeks. Density variables were converted to discrete variables of four levels (the levels were established in such a way that each level had the same number of samples). The model was run for four dependent variables: Orius nymphs, Orius adults, M. abdominalis, and F. occidentalis. For each variable measured at t + 1, we added the density of that variable at time t to the models. Because Orius nymphs are likely to be influenced by the number of eggs deposited by the adults, the density of adult Orius at time t was added to the model when analyzing Orius nymphs at time t + 1. There were no repetitions in time for the flowers, since collecting the flower did not allow us the obtain densities at t + 1; these analyses were therefore performed only at the small and large patch scales. results species composition of thrips and Orius spp. on V. encelioides A total of 6922 thrips and 517 Orius spp. were recovered from 797 flowers that were collected in the course of the study. M. abdominalis was the most common The results of Taylor's power test for the distribution of the various insects are presented in Table 2 . F. occidentalis and M. abdominalis were aggregatively distributed among flowers within the same small patch (b > 1). In contrast, adult Orius spp. displayed a uniform distribution among flowers within the same small patch (b < 1) (a marginally non-significant uniform distribution of Orius albidipennis), while the nymphs were distributed randomly on that scale (Table 2) . Among small patches within a given large patch, F. occidentalis was aggregated, while Orius spp. nymphs displayed a marginally non-significant aggregated distribution (Table 2) . M. abdominalis and adult Orius spp, were found to be distributed uniformly among small patches within large patches ( Table 2 ). The distribution pattern of adults of the subgenus Orius could not be determined due to the small number of data points.
relationships between thrips and Orius spp. populations in the same sample
The relationships between adult Orius albidipennis and nymphs of Orius spp. and thrips populations are presented in Tables 3 and 4 , respectively. Data on the subgenus Orius were insufficient for this analysis.
The density of M. abdominalis and the sampling site interacted significantly in their effects on the density of adult O. albidipennis. Each site was therefore analyzed separately. A positive and significant relationship was detected between the density of M. abdominalis and the density of O. albidipennis adults at the scale of large patches, but only at the nursery site (Table 3 ). This relationship was not evident at the level of flowers or of small patches (Table 3) .
At the flower and large patch scales, there was a significant interactive effect of M. abdominalis density and sampling site on the density of Orius spp. nymphs; these data were therefore analyzed separately for each site. At the large patch scale, a significant positive relationship was found between M. abdominalis density and that of Orius spp. nymphs, but only at the nursery site. At the small patch scale, a significant positive relationship was found between the density of M. abdominalis and that of Orius spp. nymphs, and a significant negative relationship was seen between the density of F. occidentalis and Orius spp. nymphs. At the flower scale, a significant negative relationship was found between density of F. occidentalis and Orius spp. nymphs at the hive and nursery sites, and a significant positive relationship was found between M. abdominalis density and that of Orius spp. nymphs at the nursery site (Table 4) .
delayed relationships between thrips and Orius spp. populations
The density of M. abdominalis was positively correlated with its own density, with a one week delay, at both small and large patch scales (p < 0.011 and p < 0.003, respectively). At these scales, F. occidentalis densities were negatively correlated with the density of Orius spp. nymphs with a delay of one week. On the scale of the large patch, F. occidentalis density was positively correlated with its own density with a delay of one week (Table 5) .
At the large patch scale, the density of adult Orius spp. interacted in its effect on Orius spp. nymphs with the effect of F. occidentalis density, with a delay of one week (p = 0.015, df = 16, 5; F = 7.75) and two weeks (p = 0.039, df = 17, 8; F = 3.52). At the level of the small patch, Orius spp. nymphs were positively correlated with the density of M. abdominalis with a one-week delay, and negatively correlated at a delay of 2 weeks (Table 5) . At the level of the large patch, the density of adult Orius spp. was significantly correlated with the density of nymphs with a three week delay. No significant correlations were found at the small patch scale (Table 6 ). dIscussIon community composition of thrips and Orius spp. on V. encelioides Samples of V. encelioides in the Sharon region show seasonal variation in the species composition of the Orius spp. population: during the summer and fall, O. albidipennis is the dominant species, while O. niger is dominant during the winter and spring. The sex ratio of these populations also changes during the course of the year: in the winter, females make up 90% of the O. albidipennis population, and this value drops to 75% during the summer and fall. In the present study, sampling was conducted over a shorter period (September-October), but at smaller time intervals. The species composition, sex ratio and age distribution of Orius populations did not change during the sampling period and were in accordance with results reported previously for the Sharon region. The species composition of the thrips population was also stable during the sampling period and, in general, similar to that reported in the past (Shouster, 2003) . β-The multiple of the continuous variables in the GLM. p(model) = the model's level of significance. P(effect) = the level of significance of the various factors in the model. 
distribution pattern of thrips and Orius spp.
Data analysis indicates that the distribution pattern on V. encelioides varied among insect species. The two species of thrips in this study were aggregated at the level of individual flower, and F. occidentalis was also aggregated at the small patch scale. These data give no indication of spatial interference among thrips, and thrips density therefore appears to be considerably lower than the carrying capacity of their microhabitat (a flower). O. albidipennis adults were distributed uniformly at the flower level. This would suggest that there are antagonistic interactions, such as interference and cannibalism, between adults of this species at the scale of the individual flower. Uniform distribution which was detected at a higher level of significance for data of all Orius species may indicate even stronger interactions among species, such as intraguild predation. This suggestion is in agreement with a laboratory study that reported displacement of O. albidipennis from preferred oviposition sites by O. laevigatus (Groentman, 2004) .
Further support for antagonistic interactions among adult bugs at the flower level is provided by the random distribution of the adults at the level of the small patch, i.e., deviation from a uniform distribution may be the result of more relaxed antagonistic interactions at larger spatial scales. Finally, Orius nymphs, which were randomly distributed at the flower scale, were aggregated at the large scale. This suggests that female Orius do not deposit their eggs where prey is concentrated. Instead, they may be responding to food availability, be it prey, plant materials, or both, over a larger area.
numerical response of Orius to thrips density
The correlation between density of Orius nymphs and O. albidipennis adults, and the density of thrips prey varied with spatial scale. For nymphs, the relationship was found to be significant at all scales (although not at all sites), while for adults, a correlation was found only at the level of the large patch. Interestingly, the relationship between predator and prey densities, whenever significant, was positive for M. abdominalis and negative for F. occidentalis. Negative correlation between Orius (Coll and Izraylevich, 1997) . It should be noted that although such correlative data could not be used to infer a predator-prey relationship between O. albidipennis and M. abdominalis, the predator was observed to prey upon this thrips in the laboratory.
The fact that O. albidipennis populations respond to M. abdominalis density at a large patch scale but not at smaller scales, may indicate that different processes are at play. As presented in the introduction, the spatial scale at which the reproductive response takes place is dependent on the quantity of food required by the predator to improve its reproduction. An adult O. laevigatus may consume up to 12.5 adult thrips daily (Sabelis and Van Rijn, 1997) . The average number of thrips per flower in our samples was 8.7. It would appear therefore that the quantity of prey available in about half of the flowers is not sufficient to support an increase in O. albidipennis reproduction. As a result, the predator may be forced to move among flowers, and thus a rapid reproductive response would occur at a larger spatial scale. Likewise, the spatial scale at which an aggregative response occurs is dependent on the patch size which is attractive to the predator. The high mobility of Orius bugs (Prasifka et al., 1999 ) may allow O. albidipennis to respond to resources at spatial scales larger than a single flower.
Variation in the numerical response of predators to their prey at different spatial scales may also be attributed to their response to other resources that are distributed over a larger spatial scale in the habitat. In our system, the omnivorous O. albidipennis may be responding to V. encelioides pollen, which is readily available throughout the study area. Similar results have been reported for the omnivorous coccinellid Coeomegilla maculata (Eubanks and Denno, 2000) ; populations of this predator were correlated with its aphid prey at a larger spatial scale compared to three carnivorous species. The ability of omnivores to feed on plant materials may therefore disrupt the spatial coupling between omnivore populations and dense patches of their prey. This in turn, would reduce the efficacy of omnivores in suppressing herbivore populations.
In contrast to adults, populations of Orius nymphs were positively correlated with those of M. abdominalis at all spatial scales, although not at all sites. The most pronounced difference between Orius nymphs and adults is their degree of mobility. The adults often leave flowers by active flight, especially when disturbed (personal observation). In contrast, the nymphs tend to remain in the flower, perhaps in order to avoid exposure to predation and other environmental risks. The numerical response of the nymphs to their prey thus appears to be more local than that of the adults. Finally, nymph aggregation may be the result of a preference of the females to deposit their eggs where prey is concentrated.
Results from a companion laboratory study indeed show that O. laevigatus females aggregate in response to prey availability (unpublished data). Analysis of our field data also supports this idea: at the small patch level, the density of M. abdominalis was positively correlated with that of Orius spp. nymphs, with a one-week delay. Similar correlation was not observed for prey and adult Orius populations.
We may conclude, over all, that populations of the omnivorous bugs displayed a positive numerical response to their prey under field conditions. This response, however, varied across spatial scales and between the predator's adult and nymph stages. Populations of the prey were correlated with Orius nymphs on a smaller scale than with adults. Results suggest that the more mobile omnivorous adults may be responding to other resources in the habitat, such as V. encelioides pollen. Taken together, the obtained results may be employed to increase the efficacy of Orius predators in biological pest control programs. For example, adult Orius may be released regardless of pest density or spatial distribution. This approach should be favored especially when plants provide these omnivores with food resources. When pests infest crops in an aggregative way, and especially when economic damage is localized (in flowers or fruit, for example), the release of Orius nymphs on infested parts of the plants should be considered. Future work should provide a more mechanistic understanding of the spatial response of different age groups within omnivore populations to their prey.
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